The optimization in the use of irrigation is a necessity due to water scarcity and the increasing demand for food. The objective of this study was to evaluate the effect of different irrigation depths on the economic efficiency of lettuce, eggplant, beet and carrot, cultivated in an organic production system. The evaluations were performed based on production functions obtained in field experiments conducted from 2006 to 2011, and survey of prices of products and inputs, determining the irrigation depths corresponding to the maximum gross profit and the maximum water use efficiency. Additionally, the relative yield reduction was evaluated for different percent increments in the economically optimal irrigation depth. It was observed that the crops have differences between the irrigation depths of maximum economic efficiency and maximum water use efficiency, ranging from 22.2 mm (lettuce) to 149.7 mm (eggplant). The application of water above the irrigation depth of maximum economic efficiency led to yield and profit reductions, whose magnitude depends on the response of the crop.
Introduction
Organic agriculture is characterized as a solution to reduce the environmental impacts of the activity (Meier et al., 2015) and, due to the increasing demand of consumers and the obtained yield levels, the commercialization of organic products reached the value of 45 billion Euros in 2013 (Marian et al., 2014) .
Since water is a limiting factor for agricultural development and given the increase in the global demand for food, the optimization of its use in irrigation becomes essential for agriculture (Batista et al., 2013) , especially because it is one of the sectors most harmed by water scarcity, both quantitatively and qualitatively (Brito et al., 2012) .
The search for higher water use efficiency (WUE) in agriculture (Liu & Stützel, 2004) has played an important role in the formulation of strategies aiming to increase agricultural production without increasing water consumption. However, this indicator should not be used in isolation to define the optimal irrigation depth, because it does not consider production costs or the final value of the product in the market, besides other limiting factors, such as land and capital (Frizzone et al., 2005) . Thus, in order to obtain the most adequate irrigation depth to be applied, it is necessary to know the production function of the crop, production costs and market prices.
Based on the above, this study aimed to evaluate the effect of different irrigation depths on water use efficiency and economic yield of lettuce, eggplant, beet and carrot cultivated in an organic production system.
Material and Methods
This study was based on results of experiments conducted from 2006 to 2011 at the SIPA (Integrated Agroecological Production System), located in the municipality of Seropédica-RJ, Brazil (22º 48' 00" S; 43º 4' 00" W; 33.0 m). The soil in the region is classified as Red-Yellow Argisol and the climate is Aw according to Köppen's classification.
The crop production functions used in the study were obtained through regression analyses between yield (dependent variable) and irrigation depths (independent variable) for lettuce (Lima et al., 2009) , carrot (Oliveira Neto, 2013) , beet (Carvalho et al., 2011) and eggplant (Lima et al., 2012) . For carrot, two cultivation periods were evaluated: period 1 (June to September 2010 -cycle of 89 days) and period 2 (August to November 2011 -cycle of 93 days). For the other crops, the cultivation periods were from July to November 2007 (cycle of 147 days), June to August 2006 (cycle of 36 days) and June to September 2008 (cycle of 80 days), respectively, for eggplant, lettuce and beet. All production functions were described by second-degree polynomial models, according to Eqs. 1 to 5, subjected to the following restrictions: 70 ≤ w ≤ 150; 60 ≤ w ≤ 290; 120 ≤ w ≤ 355; 80 ≤ w ≤ 280; 350 ≤ w ≤ 750, respectively. where: y lt -lettuce yield, kg ha -1 ; y cr1 -carrot yield for period 1, kg ha -1 ; y cr2 -carrot yield for period 2, kg ha -1 ; y bt -beet yield, kg ha -1 ; y eg -eggplant yield, kg ha -1 ; and, w -irrigation depth applied along the cycle, mm.
The irrigation depths were applied through the conventional sprinkler irrigation for eggplant and lettuce, and through drip irrigation for beet and carrot. Irrigation management was performed based on the estimation of crop evapotranspiration using the Class A pan (lettuce and eggplant) and on the soil water balance using the time-domain reflectometry (TDR) technique (beet and carrot).
The production costs in R$ ha -1 , referring to labor (Table 1 ) and other inputs (Table 2) , regardless of the adopted irrigation method, were obtained through a survey in the market conducted in 2015 and totaled 3,481, 9,810, 7,207 and 7,362 , respectively, for lettuce, eggplant, beet and carrot. The cost of electricity per unit of applied irrigation depth was calculated as 0.68 R$ mm -1 ha -1 , based on the methodology proposed by Carvalho & Oliveira (2008) , considering a 1.5-hp motor pump operating 8 h d -1 . The price of the water was not taken into account in this study, because the water used in family farmingbased agricultural systems, which practice organic agriculture, is considered as insignificant and, therefore, free of charge.
The revenues of each crop and each treatment were determined considering the yield and the mean market price obtained in 2015, in commercial establishments that sell organic products. Since the objective of the study was not to analyze the profitability of the crops, but the irrigation depth that promotes maximum WUE and/or maximum profit, the gross profit was considered as the difference between the revenue and the costs (Eq. 6), disregarding the initial investment costs. 
where: i -crop; GP (i,w) -annual gross profit of the crop i for the irrigation depth w, R$ ha -1 ; y (i,w) -yield of crop i for the irrigation depth w, kg ha -1 ; p (i) -price of the product from the crop i for the irrigation depth w, R$ kg -1 ; K -variable costs independent of the applied irrigation depth, R$; and, PE -price of electricity per unit of irrigation depth, R$ mm -1 ha -1 .
(1) Substituting yield (y (i,w) ) by the production function as a function of the applied irrigation depth, it follows that:
The optimal irrigation depth for each analyzed crop (w op(i) ) was considered as the one that promoted the maximum gross profit, i.e., w op(i) = w mGP(i) . Based on the optimal irrigation depth, yield and gross profit, the variations of yield and gross profit were calculated for increments in the optimal irrigation depth of 5, 10, 15, 20, 25 and 30%. In addition, for each crop, the relationship between optimal irrigation depth and irrigation depths that promote maximum yield and maximum WUE were considered. Variations were expressed in relation to the value obtained for the optimal irrigation depth.
The parameters of the production function may change due to random factors, such as climatic variations, pests and diseases. Thus, variations of -10 to 10% were simulated for the parameters a and b, by applying the Eq. 10 to the parameters of the production functions presented in Eqs. 1 to 5 and to the Table 2 . Costs of inputs for the production of lettuce, eggplant, beet and carrot in organic production system (R$ ha -1 ) The market prices were R$ 2.18 kg -1 for beet and R$ 2.00 kg -1 for the other crops considered in the study. The WUE of each crop was calculated through Eq. 8. The irrigation depths that promoted maximum yield (w mY ) (Eq. 9), maximum gross profit (w mGP ) (Eq. 10) and maximum WUE (w mWUE ) (Eq. 11) were obtained through the derivation of their respective functions. new values considering the simulated variations. The variation in the optimal irrigation depth was calculated as a function of the value without the variation in the parameters. Regardless of the crop, the variation can be calculated in general terms, according to Eq. 12.
to take into account restrictive factors, such as water, land and capital (Frizzone et al., 2005; Figueiredo et al., 2008) . In the present study, water was considered as the only restrictive factor, so that the optimal irrigation depth promotes optimal profit per unit of water volume. If land were the restrictive factor, the most adequate procedure would be to search for the maximum profit per unit of area.
A very important issue to be analyzed is the variation in the prices of inputs, products and electricity. Depending on the combination of variation of the prices, the results may be totally different. Another factor is the variation in the parameters of the production curve, as shown in Table 4 . The variations in the optimal irrigation depth are on the order of ±20%, if there is variation of up to 10% in the parameters a and b. According to Figueiredo et al. (2008) , variations in these parameters are related to random factors, such as climatic variations, pests and diseases, subjecting the activity to risks to the revenue or the expected yield (Frizzone, 2004) .
For the optimal irrigation depth, the prices of product and electricity have little influence on the results and can be disregarded in the calculations, according to Eq. 12; this is due to the fact that the price of electricity is very low compared with the values of the product and of the parameter b.
For all crops, there were no differences between maximum-GP and maximum-Y irrigation depths, because the variable cost relative to the applied irrigation depth is of low magnitude; thus, only the cost of electricity was considered. Similar results were reported by Vilas Boas et al. (2008) and , who concluded that the economically optimal irrigation depth varies linearly with respect to the prices of water and product.
According to the curves of WUE and GP as a function of the irrigation depth applied for the analyzed crops (Figure 1) , it is possible to observe the irrigation depths that promote maximum GP and maximum WUE. Lettuce ( Figure 1A ) was the crop that showed the closest values of optimal irrigation depth (131.8 mm)
where: γ -percent variation in the optimal irrigation depth, %; k a and k b -variation of the parameters a and b of the production function, decimal; and, p -price of the product, R$ kg -1 . Table 3 shows the values of yield and profit relative to the value obtained with optimal irrigation depth for different increments and for the maximum-WUE irrigation depth. Irrigation depths higher than the optimal one lead to reduction in the yield of the crops and the magnitude depends on their sensitivity. Likewise, the net revenue is also reduced, which occurs because water excess affects soil aeration, fertility, due to the leaching of nutrients, and the development of diseases (Frizzone et al., 2005) . Thus, the profitability can only decrease considering the increase in the use of inputs and the reduction in yield.
Results and Discussion
For maximum-WUE irrigation depth, there was a reduction in both yield and profit, which was greater in cases in which there was an excess of water. The greatest reduction in the net revenue was observed for beet and carrot, which showed approximately 30% of variation in relation to the optimal irrigation depth. On the other hand, for the maximum-WUE irrigation depth, the lowest yield reduction was obtained in lettuce, i.e., this crop could be recommended for regions in which water is a restrictive factor and in which one must opt for maximizing WUE (Souza et al., 2011) .
The decision on the irrigation depth to be applied depends on various factors, because, if maximum-Y or maximum-GP irrigation depth is used, there may be a demand of greater water volume for the same amount produced. On the other hand, the use of maximum-WUE irrigation depth implies that a larger cultivation area is used to produce the same amount of food. Hence, in order to obtain an optimal solution, it is necessary W op -Optimal irrigation depth; 5, 10, 15, 20, 25 and 30% -Increments in optimal irrigation depth; -Does not apply Table 4 . Variation in optimal irrigation depth as a function of the variation in production function parameters
and maximum-WUE irrigation depth (109.6 mm). On the other hand, the eggplant crop showed the greatest difference between the respective irrigation depths (452.2 and 302.5 mm). For beet and carrot, the use of maximum-WUE irrigation depth promotes the greatest reduction in the relative profit, among all evaluated crops (beet: 34.1%; carrot1: 33.6%; carrot2: 21.5%). It means that, in order to maintain the same income, the farmer would have to increase the planted area, i.e., the search for the increase in WUE does not necessarily promotes reduction in water consumption. Among the different periods of carrot production, according to Figures 1B and 1C and Table 3 , the relative reduction of profit and yield caused by the increment in the applied irrigation depth showed the same order of magnitude, i.e., it can be claimed that the relative reduction expresses the sensitivity of the crop, regardless of the cultivation period.
Besides the economic issue, it is known that the reduction in irrigation depth in relation to crop evapotranspiration is limited by water quality, soil salinity and crop sensitivity to salinity. According to Ayres & Westcot (1999) , carrot and beet crops are, respectively, sensitive and moderately sensitive, while lettuce and eggplant are moderately sensitive, which implies that, except for eggplant, depending on water quality, it would be necessary to apply a leaching fraction in order to maintain the balance in soil solution salinity.
Conclusions
1. The maximum water use efficiency for the evaluated crops promotes reduction in the gross profit.
2. The use of maximum economic efficiency must be preferred if there is no restriction in the use of water.
3. The application of irrigation depths higher than those promoting maximum profit may lead to losses for the farmer, depending on the increment in irrigation depth. A.
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